Introduction {#S0001}
============

Severe acute respiratory syndrome (SARS) emerged in humans in Guangdong Province, China, in late 2002 and subsequently spread to other continents early the following year (Chan-Yeung & Yu, [@CIT0025]; Lee *et al.*, [@CIT0066]; Peiris *et al.*, [@CIT0088]; Poutanen *et al.*, [@CIT0091]; Tsang *et al.*, [@CIT0105]). Shortly after the spread of the virus beyond China the causative agent was quickly identified as being a species of coronavirus (*SARS coronavirus*) that was previously unknown (Drosten *et al.*, [@CIT0040]; Ksiazek *et al.*, [@CIT0062]; Marra *et al.*, [@CIT0073]; Peiris *et al.*, [@CIT0088]; Rota *et al.*, [@CIT0094]). Indeed, the proteins of *SARS coronavirus* had such low amino acid identity with those of known coronaviruses that it has been tentatively assigned to a new coronavirus group 4. The three existing coronavirus groups ([Table 1](#T0001){ref-type="table"}) were initially devised on the basis of a lack of antigenic relationships between the species of different groups (Pedersen *et al*., [@CIT0086]; Sánchez *et al.*, [@CIT0095]; Enjuanes *et al.*, [@CIT0042]; González *et al*., [@CIT0047]). It is probable that the vast majority of the human population is susceptible to *SARS coronavirus*. The SARS epidemic was contained at 'only' 8460 cases by the enormous effort, and sacrifice, of a large number of individuals associated with many public authorities. So severe were the infections, in a fully susceptible population, that 808 died; doubtless a greater proportion would have died had it not been for the medical attention focussed upon them. Sadly, a large proportion of the deaths in some countries were sustained by health care workers. In addition to the human misery, there were dire economic consequences for those countries most affected. Table 1.Coronavirus speciesGroup 1Porcine transmissible gastroenteritis coronavirus Canine enteric coronavirus Feline coronavirus Porcine epidemic diarrhoea coronavirus Human coronavirus 229EGroup 2Murine hepatitis coronavirus Human coronavirus OC43 Bovine coronavirus Canine respiratory coronavirus Porcine haemagglutinating encephalomyelitis coronavirusGroup 3Infectious bronchitis coronavirus Turkey coronavirus Pheasant coronavirusGroup 4SARS coronavirus[^a^](#T0001-FN0001){ref-type="fn"}[^1]

The last SARS cases of the early 2003 epidemic were in June 2003. The disease might arise again by further transmission from the suspected animal reservoir, or transmission from human, possibly asymptomatic, carriers. There is evidence from studies of avian infectious bronchitis virus (IBV) and feline coronavirus that coronaviruses establish persistent infections. Chicks that had been experimentally infected with IBV at 1 day of age re-excreted virus at around 19 weeks of age (Jones & Ambali, [@CIT0058]). It is suspected that the stressor of the start of egg production caused the release of the virus. Approximately 10% of cats that had been naturally infected with feline coronavirus became asymptomatic carriers, excreting virus for over 1 year (Addie & Jarrett, [@CIT0001]; Addie *et al.*, [@CIT0002]). Others excreted virus for periods of several months.

The World Health Organisation has called for the development of vaccines against SARS. This short review looks at the experiences with IBV vaccines over half a century, which might be instructive with regard to the development of SARS vaccines.

Infectious bronchitis {#S0002}
=====================

As suggested by its name, IBV causes respiratory disease, although its replication is not limited to the respiratory tract. It is the major respiratory virus of the chicken (the domestic fowl), as it is endemic in probably all countries that raise chickens. Its host range is considered to be limited to the chicken (Cavanagh & Naqi, [@CIT0018]), although genetically very similar coronaviruses cause disease in turkeys (enteric disease; Guy, [@CIT0051]; Cavanagh *et al.*, [@CIT0023]) and pheasants (respiratory and kidney disease; Lister *et al.*, [@CIT0068]; Gough *et al.*, [@CIT0050]; Cavanagh *et al.*, [@CIT0024]). IBV occurs globally, both in chickens kept on a large and a small scale (Wunderwald & Hoop, [@CIT0108]). It exists as scores of serotypes/genotypes (Cavanagh, [@CIT0016]; Meulemans *et al*., [@CIT0076]; Farsang *et al*., [@CIT0043]), which are problematic with regard to prophylaxis.

IBV causes deciliation of the ciliated epithelia of the nose and trachea, clinical signs being similar to those of the common cold caused in humans by the group 1 and group 2 human coronaviruses (HCoV-229E and HCoV-OC43, respectively; Cavanagh, [@CIT0015], [@CIT0017]). Chickens, especially those of only a few days or weeks of age, exhibit nasal discharge, snicking (similar to sneezing), watery eyes and lethargy (Dhinakar Raj & Jones, [@CIT0039]; Cavanagh & Naqi, [@CIT0018]). Some chickens exhibit râles, a vibration emanating from lower in the respiratory tract, and small areas of pneumonia may be observed in the lungs (Dhinakar Raj & Jones, [@CIT0039]). Notwithstanding this, and the fact that titres of virus in the lungs can be similar to those in the nose and trachea, bronchitis is not considered to cause pneumonia.

From a welfare point of view the hardest hit are chicks of only a few days or weeks of age. Some may die directly from the viral infection but a greater number die following secondary bacterial infection. An overall slowing down of growth causes further economic losses. Juvenile and mature birds suffer less from IBV infection although the economic consequences of infection in egg-laying stock can be disastrous, as egg production drops precipitously and usually does not rise back to normal in the flock as a whole.

As discussed further later, IBV grows at many epithelial surfaces beyond the respiratory tract (reviewed by Dhinakar Raj & Jones, [@CIT0039]). Although many alimentary tract tissues are susceptible to IBV, infection of enteric tissues usually does not manifest itself clinically. Recently a strain of IBV has been associated with disease of the proventriculitis (the cranial glandular compartment of the stomach, adjacent to the gizzard, which is the caudal muscular compartment) (Yu *et al.*, [@CIT0109]). Nephritis is not uncommon in a proportion of naturally IBV-infected meat-type birds, environmental factors playing a role. Some IBV strains are intrinsically nephropathogenic; that is, they reproducibly cause nephritis when inoculated experimentally into specific pathogen free chickens (Lambrechts *et al.*, [@CIT0065]; Pensaert & Lambrechts, [@CIT0089]; Cook *et al*., [@CIT0034]; Li & Yang, [@CIT0069]). The oviduct is also susceptible to IBV, which may contribute to diminished egg production.

Infectious bronchitis virus {#S0003}
===========================

IBV contains the same number of structural proteins (i.e. those present in virons) as the group 1 coronaviruses; that is, a nucleocapsid protein associated with the 27.6 kb single-stranded, positive-sense RNA genome, a large spike glycoprotein (S), a smaller integral membrane glycoprotein (M) and a few molecules of the envelope protein (Lai & Cavanagh, [@CIT0064]; Enjuanes *et al.*, [@CIT0042]; González *et al*., [@CIT0047]). It does not contain a haemagglutinin esterase glycoprotein such as is found in group 2 coronaviruses. The coronavirus S protein is a dimer or trimer (Cavanagh, [@CIT0013]; Gallagher & Buchmeier, [@CIT0045]; Lewicki & Gallagher, [@CIT0067]). The S glycopolypeptide of IBV, like that of group 2 coronaviruses, is cleaved into amino-terminal S1 (approximately 520 amino acid residues) and carboxy-terminal S2 (approximately 625 residues) glycopolypeptides (Lai & Cavanagh, [@CIT0064]). The IBV S protein has been demonstrated to be a determinant of the host cell range *in vitro*. When the S protein gene of an infectious cDNA clone of the Beaudette strain (Casais *et al.*, [@CIT0011]), which replicates in mammalian Vero and BHK cells, was replaced by that of the M41 strain, which does not replicate in those cell lines, the recombinant virus was unable to replicate in them (Casais *et al.*, [@CIT0012]). The recombinant did replicate in primary chick kidney cells, as did both the Beaudette and M41 strains. Whether the S protein of IBV is a determinant of tissue tropism *in vivo* remains to be determined.

Tissue tropism of IBV {#S0004}
=====================

IBV initially infects the upper respiratory tract. Titres of live virus are maximal in the nose and trachea by 3 days post inoculation (by eye-drop and intranasally) and remain so for 2 to 5 days further, depending on the strain ([Table 2](#T0002){ref-type="table"}) (Ambali & Jones, [@CIT0005]; Hofstad & Yoder, [@CIT0053]). Thereafter the titre falls to below detectable levels, although virus was still detectable at 14 days in some studies (Ambali & Jones, [@CIT0005]). The virus is restricted to the ciliated and mucus-secreting cells (reviewed by Dhinakar Raj & Jones, [@CIT0039]). Similar virus titres occur in the lungs and airsacs, sometimes peaking a little after those in the nose and trachea. Small areas of pneumonia may be observed in the lungs (Dhinakar Raj & Jones, [@CIT0039]). Table 2.Titres of IBV (strain G) in respiratory and non-respiratory tissues following intranasal and eye-drop inoculation of 1-day-old chicks (from Ambali & Jones, [@CIT0005]) Virus titre (log~10~ CD~50~/g)[^a^](#T0002-FN0001){ref-type="fn"} on the following days after inoculationTissue1 day3 days5 days7 days10 days14 daysNon-enteric         Trachea555532   Kidney345543Upper gut         Proventriculus533333   Duodenum443333   Jejunum022000Lower gut         Rectum356444   Bursa235433   Caecal tonsil234444   Ileum353333[^2]

Lucio & Fabricant ([@CIT0070]) investigated the growth of several isolates of IBV in chickens. Although they did not quantify the virus that they recovered, they showed that infectious virus was recovered from the trachea, bronchus, lung, oesophagus, proventriculus, duodenum, jejunum, caeca (caecal tonsils), kidney and cloaca. The longest periods of isolation were in respect of the kidney and caecal tonsils, the latter being at the distal end of the alimentary tract in birds.

Ambali & Jones ([@CIT0005]) used another strain (strain G) of IBV that produced high titres in the kidney, similar to those in the trachea ([Table 1](#T0001){ref-type="table"}). Various alimentary tract tissues (proventriculus, duodenum, ileum, caecal tonsils, bursa of Fabricius and rectum) had peak titres the same as in the trachea and kidney, or within 10-fold of that amount ([Table 1](#T0001){ref-type="table"}). Fluorescence revealed the location of the virus, in epithelial cells. Several other isolates were compared with the G strain; they were isolated much less frequently or not at all from kidney and rectal contents (El-Houadfi *et al.*, [@CIT0041]). Organ culture studies showed that while all strains studied by Bhattacharjee & Jones ([@CIT0006]) grew in the proventriculus, bursa and kidney explants, some did not grow in the caecal tonsil or rectal explants.

In the experiments of Hofstad & Yoder ([@CIT0053]), titres in the kidney and bursa of Fabricius were approximately two orders of magnitude lower than in the respiratory tissues for a number of IBV strains of low passage number in embryos. High egg-passaged virus (85 passages) was almost undetectable in the kidney and bursa, and gave reduced titres in the trachea and lung.

The most intensively studied tropism, apart from the upper respiratory tract, has been that for the kidney. Although only a small proportion of IBV isolates exhibit high nephropathogenicity, these can cause up to 44% mortality within 3 weeks of intratracheal inoculation (Pensaert & Lambrechts, [@CIT0089]) in the absence of vaccination. Histopathological and immunochemical studies of the process showed that the MA-87 strain of virus attacked mainly the lower nephron down to the collecting duct epithelial cells (Chen & Itakura, [@CIT0027]; Chen *et al.*, [@CIT0028]). An ultrastructural investigation revealed that the virus replicated in all segments of tubules and ducts, but more frequently in the epithelial cells of the collecting ducts, collecting tubules, distal convoluted tubules and Henle\'s loops (Chen, [@CIT0026]). The extent of mortality is age related (greatest in chicks; Lambrechts *et al.*, [@CIT0065]) and varies according to the line of bird; for example, 18% and 44% of an egg layer-type bird and a meat-type bird, respectively (Pensaert & Lambrechts, [@CIT0089]).

Birds have a small lymphoid organ, the Harderian gland, in the eye-socket that is a major contributor to locally produced antibody for protecting oculonasal mucosae (reviewed by Dhinakar Raj & Jones, [@CIT0039]). Inoculation of a mild vaccinal strain of IBV by eye-drop resulted in replication of virus in the gland and partial damage to it (Toro *et al.*, [@CIT0104]). There was an increase in the number of plasma cells and enlargement of lymphoid foci. IBV has also been isolated from another lymphoid organ, the bursa of Fabricius ([Table 1](#T0001){ref-type="table"}) (El-Houadfi *et al.*, [@CIT0041]; Ambali & Jones, [@CIT0005]), with gross and histopathological lesions occurring, even after infection with vaccinal strains.

Most recently, Yu *et al.* ([@CIT0109]) have studied the pathogenesis of three isolates of IBV from the proventriculus of chicken flocks that had affected proventriculi. Experimental infections with these strains resulted in age-dependent mortality (75 to 100% in 2-week-old birds, 0 to 25% in 16-week-old chickens). Necropsy of sick chickens revealed that the mucosa of the proventriculus was thickened and exuded a milky fluid when squeezed, and the entire proventriculus was enlarged.

Thus, IBV strains as a group productively infect a large range of epithelial surfaces, literally from the top to the bottom of the chicken. Isolates differ in their extent of replication in the non-respiratory tissues, and some produce clinical disease in non-respiratory tissues, most notably the kidney and proventriculus. The pantropism of IBV might be the case for *SARS coronavirus*, as the latter has not only been associated with pneumonia, but also with diarrhoea (although it remains to be demonstrated whether the SARS virus is replicating in enteric tissues; Peiris *et al.*, [@CIT0088]). A point of difference is that whereas SARS virus is associated with severe clinical signs in both the respiratory and enteric tracts, IBV is usually limited to disease in the respiratory tract.

IBV exists as dozens of serotypes {#S0005}
=================================

It is not appropriate in this short review to go into detail about the extensive antigenic variation exhibited by IBV (Darbyshire *et al.*, [@CIT0036]; Ignjatovic & Mcwaters; [@CIT0056]; Cook *et al.*, [@CIT0033]; Cavanagh, [@CIT0016]; Meulemans *et al*., [@CIT0076]; Farsang *et al*., [@CIT0043]); it is an issue that may not arise with *SARS coronavirus*. That said, only a few amino acid differences in the S1 protein of two strains of IBV are sufficient to change the serotype.

The large spike glycoprotein (S) comprises a carboxy-terminal S2 subunit (approximately 625 amino acid residues), which anchors S in the virus envelope, and an amino-terminal S1 subunit (approximately 520 residues), believed to largely form the distal bulbous part of S (Cavanagh, [@CIT0014]; Lai & Cavanagh, [@CIT0064]). It is the S1 subunit that induces virus-neutralizing (VN) antibody. This has been demonstrated in various ways: failure to induce VN by virus from which S1 had been removed (Cavanagh *et al.*, [@CIT0019]); induction of VN antibody by S1 released from virions by treatment with urea (Cavanagh *et al.*, [@CIT0019]), by non-ionic detergent, followed by affinity chromatography (Ignjatovic & Galli, [@CIT0055]) and by expression from a vaccinia virus recombinant (Tomley *et al.*, [@CIT0103]); by production of monoclonal antibody-resistant mutants, the mutations being in the S1 part of the spike protein gene (Cavanagh *et al.*, [@CIT0020]; Koch *et al.*, [@CIT0061]; Kant *et al.*, [@CIT0059]).

Failure of serotypes to induce cross-protective immunity {#S0006}
========================================================

Experimental vaccination studies usually involve application of virus to the nostrils and by eye-drop, sometimes by direct application to the trachea. Protection is determined by challenge, 3 weeks after vaccination, the challenge virus being applied by the same route. Three main approaches to the assessment of protection have been: (1) observation of clinical signs (not commonly used); and removal of the trachea at 4 or 5 days after challenge followed by either (2) quantitative assessment of ciliary activity or (3) detection of live challenge virus, usually by inoculation of embryonated eggs. The second and third methods result in similar deductions being made as regards protection (Marquardt *et al.*, [@CIT0072]), although in some studies challenge virus was isolated from some individuals whose ciliary activity was unaffected or little affected. Arguably, declaring a chicken as non-protected because of the recovery of small amounts of challenge virus, when ciliary activity is normal, is being too stringent.

Most IBV serotypes differ from each other by 20 to 25% of S1 amino acids (Adzhar *et al.*, [@CIT0003]; Kingham *et al*., [@CIT0060]), although some differ by up to 50% (Cavanagh *et al.*, [@CIT0022]; Gelb *et al.*, [@CIT0046]). (Differences between the other IBV proteins are in the region of 10%, rarely exceeding 15%; Cavanagh *et al.*, [@CIT0023], [@CIT0024].) Generally speaking, the immunity induced by inoculation with one serotype protects poorly against infection by heterologous serotypes.

With regard to protection of the respiratory tract, in some experiments some heterologous challenge viruses broke through in 100% of the chickens (i.e. 0% cross-protection) (Hofstad, [@CIT0052]; Marquardt *et al.*, [@CIT0072]; Picault *et al.*, [@CIT0090]). Other challenge viruses, known now to differ by 20% or so in S1 from the virus used to initially infect the chickens, broke through immunity in 30 to 70% of cases (Rosenberger *et al.*, [@CIT0093]; Hofstad, [@CIT0052]). Collectively these and other reports show that cross-protection can range from very poor to moderate (poor for commercial purposes), although in some cases the differences among these reports may be also be due to differences in stringency by which protection was assessed (discussed later). When Winterfield *et al.* ([@CIT0107]) used clinical criteria to assess cross-protection, a vaccinal strain of the Massachusetts serotype was concluded to protect all chickens (in groups of 10) against challenge with serotypes now known to differ by 20% or so in their S1 proteins. Protection was assessed as being less when re-isolation of challenge virus was used as the criterion for protection. There is no doubt that in the field the application of a vaccine that is homologous to the prevailing field strain has given better protection than an heterologous vaccine.

Cross-protection against nephritis is also usually poor, although some strains are more cross-protective than others (Pensaert & Lambrechts, [@CIT0089]; Cook *et al.*, [@CIT0034]).

Monoclonal antibody-resistant mutant investigations have revealed that many of the amino acids involved in the formation of VN epitopes are located within the first and third quarters of the linear S1 polypeptide (Cavanagh *et al.*, [@CIT0020]; Koch *et al.*, [@CIT0061]; Kant *et al.*, [@CIT0059]). Sequence analysis of variants that are genetically very similar (\>95% amino acid identity in S1) has shown that most of the differences are within these two regions (Cavanagh *et al.*, [@CIT0021]; Adzhar *et al.*, [@CIT0003]). Moreover, some variants that differed by only 2 to 3% of S1 amino acids (10 to 15 residues) behaved as different serotypes (Cook, [@CIT0030]; Cook & Huggins, [@CIT0031]; Cavanagh *et al.*, [@CIT0021]).

Would small S1 differences between SARS coronavirus isolates be of practical significance? {#S0007}
==========================================================================================

It is conceivable that there are variants (e.g. with small differences in S1) of *SARS coronavirus* in the field (i.e. within its natural host(s)). If this were to be the case, and if variants infected humans, would the variants be able to break through the immunity induced by a vaccine based on a strain isolated from humans in early 2003? Unfortunately there have been few protection studies based on closely related variants of IBV.

Cavanagh *et al.* ([@CIT0022]) inoculated groups of 10 chickens with the virulent UK/6/82 isolate and challenged with isolates that differed by up to 4% of S1 amino acids (some of which were different serotypes; Cook, [@CIT0030]; Cook & Huggins, [@CIT0031]), protection being assessed on retention of ciliary activity in trachea. Challenge with two variants (98% S1 identity with UK/6/82) resulted in challenge scores (a relative measure of retention of ciliary activity) virtually the same as with the homologous challenge. Challenge with two others isolates (96% and 98% S1 identity, respectively), resulted in a higher challenge score, indicative of less cross-protection, although the numbers were not statistically significantly different. Also, in three experiments one of each group of 10 birds initially inoculated with the UK/6/82 virus was clearly not protected against homologous challenge. The chickens had been individually inoculated with a high dose (5 to 6 log~10~ infectious virus) of the primary inoculum. Therefore, this lack of protection in 10% of birds was unlikely to have been due to a failure to initiate infection with the primary virus, but rather to heterogeneity of the immune response.

In other studies approximately 10% of chickens in a group, which had been inoculated and challenged with the same strain or with one of the same serotype, were not fully protected (Winterfield *et al*., [@CIT0107]; Hofstad, [@CIT0052]; Picault *et al.*, [@CIT0090]; Parsons *et al.*, [@CIT0085]; Cavanagh *et al.*, [@CIT0022]; Cook *et al.*, [@CIT0033]; Nix *et al.*, [@CIT0081]) (using virus isolation or tracheal ciliary activity as the criterion). These results show that chickens (out-bred, although with restricted sets of parental breeding stocks) are not uniform in their response to IBV vaccination. One would imagine that the human population might be even more heterogeneous in response to vaccination against SARS.

Nix *et al.* ([@CIT0081]) inoculated chickens with several virulent isolates that had 94% or greater amino acid identity in S1. All were assessed as being of the same serotype, Arkansas, but some cross-reacted in a VN test much less than others. Some isolates induced 100% protection, assessed by re-isolation of challenge virus, a stringent test, against challenge, including against challenge with a strain that was of lower serological identity. However, two other isolates induced cross-protection of only 55 to 58% of the chickens when the challenge virus was of lower serological identity.

Clearly, the induction of protective immunity to IBV is complex. It not only depends on the antigenic relatedness of the primary infecting strain and a subsequent challenge strain, but also on the response of individual chickens; approximately 10% of chickens in some experiments failed to develop a protective immune response. Furthermore, while breeds of chicken are similar in that they are all efficiently infected by IBV, resulting in similar titres of virus, they differ in their capacity to clear the infection (Otsuki *et al.*, [@CIT0084]). Small (∼ 5%) differences in S1 amino acids would appear to be sometimes responsible for poor cross-protection. It should be borne in mind that while the focus has been on the relatedness of the S1 protein, other viral proteins may have a role in protective immunity; for example, the nucleocapsid protein, of which more later. Recently, we (T. Hodgson, R. Casais, B. Dove, P. Britton & D. Cavanagh, manuscript in preparation) have substituted (swapped) the spike protein gene of our Beaudette infectious clone (receiver strain) with that of the M41 strain (donor strain). Both strains are of the Massachusetts serotype and have 95.0% S1 amino acid identity. The Beaudette and M41 strains are attenuated and pathogenic for chickens, respectively. When chickens were inoculated with the donor, receiver or spike-swapped recombinant IBV and challenged with M41, the receiver strain induced almost no tracheal protection (assessed by ciliary activity) while the recombinant IBV induced protection almost as good as the donor strain. This was not due to an increased virulence of the receiver strain, as the spike-swapped recombinant was as non-pathogenic as the Beaudette receiver strain, and both replicated poorly. As the receiver strain and recombinant virus had identical proteins except for the spike protein, it would appear that the poor immunity induced by the receiver strain against the donor strain was due to some of the 5.0% of amino acid differences (27 different residues) in S1. This supports the findings of earlier work that small differences in S1 can contribute to poor cross-protection (Cavanagh *et al.*, [@CIT0022]; Nix *et al.*, [@CIT0081]).

Vaccination with live-attenuated vaccines {#S0008}
=========================================

Meat-type chicks (broilers) are usually vaccinated on the day of hatch, in the hatchery, by spray. The birds are vaccinated at this very early age in part for logistical/economic reasons. Also, because IBV is endemic and ever-present in many poultry-rearing parts of the world, protection is needed as early as possible. The consequences of IBV infection are greater for chicks than older birds. Also, the modern broiler goes for processing at only 6 weeks of age, so vaccination has to be early.

Many studies have been undertaken during the past 30 years or so to examine the degree of protection induced by single inoculations of various serotypes of IBV. In many of the studies referred to in the previous section, the initial inocula were virulent strains, not attenuated derivatives. This was an advantage in that the degree of protective immunity induced by a virus is in part dependent on its virulence. Notwithstanding, the overall conclusions reached, already described, were similar, irrespective of whether the initial inoculum virus was virulent or attenuated.

Duration of respiratory tract immunity following live attenuated vaccination {#S0008-0001}
----------------------------------------------------------------------------

Protection of the respiratory tract following a single live attenuated virus vaccination has been found to be short-lived; Gough & Alexander ([@CIT0048]) and Darbyshire & Peters ([@CIT0035]) reported a decline in the number of protected chickens at 6 and 9 weeks after vaccination, respectively. In regions where a given serotype of IBV vaccine is consistently not giving acceptable protection against field challenge, the birds might be revaccinated 2 to 3 weeks after the first application. Sometimes this is with the same vaccine preparation, sometimes with another product of the same serotype, and sometimes with a vaccine of a heterologous serotype. The latter approach sometimes gives protection against a broader range of serotypes (Cook *et al.*, [@CIT0033]).

Protection against nephritis by live vaccines {#S0008-0002}
---------------------------------------------

Some strains of IBV are markedly nephropathogenic. For example, experimental tracheal infection of commercial meat-type birds with the B1648 nephropathogenic strain resulted in the death of approximately one-third of a group of 68 chickens within 9 days. Vaccination, by coarse spray, with the homologous attenuated strain completely protected against mortality upon challenge 4 weeks later (Pensaert & Lambrechts, [@CIT0089]). Vaccination with non-homologous, commercially available vaccines markedly, although not completely, reduced mortality. The homologous vaccine had prevented detectable growth of the challenge virus in the trachea, as ascertained by virus isolation, but the heterologous vaccines did not do so. Challenge virus in the kidney was assessed by immunofluorescence. By this criterion the number of chicks with detectable IBV in the kidney was reduced by 84% by vaccination with the homologous vaccine, and not at all by the heterologous vaccines.

Vaccination with inactivated vaccines {#S0009}
=====================================

Inactivated oil-emulsion IBV vaccines were developed during the 1960s and 1970s. The objective was to make a vaccine that would give long-lasting immunity to the hen bird, to protect against drops in egg production. Single applications of inactivated virus induced little or no protection against egg loss (McDougall, [@CIT0075]; Box *et al.*, [@CIT0008]; Muneer *et al*., [@CIT0080]) and no protection against loss of ciliary activity in the trachea (Martins *et al.*, [@CIT0074]).

However, immunization of 11 chickens with a single dose of inactivated IBV strain M41 resulted in 36 to 45% (depending on the criterion used) developing respiratory tract protection (Cavanagh *et al.*, [@CIT0019]). A dose of 100 μg was not more efficacious than 5 μg. In a second experiment, 29% (based on retention of ciliary activity in the trachea) to 76% (based on not isolating challenge virus) of 17 chickens were protected after a dose of 10 μg. In a third experiment, 40% of 10 chickens were judged protected (retention of ciliary activity) following a single 10 μg dose. It is possible that larger amounts of virus was used in these three experiments than by previous workers, and that this was the reason for the partial success.

As part of a study of the role of the IBV nucleocapsid protein (N) protein in protective immunity (discussed later), Boots *et al.* ([@CIT0007]) immunized chickens with inactivated IBV at 4 weeks of age and again 6 weeks later. After challenge, 1/8 and 8/8 of the two groups of chickens, respectively, were protected, by assessment of ciliary activity in trachea. The degree of protection was assessed as being slightly less (88%) when immunofluorescence was used to detect infected tracheal cells.

Ignjatovic & Galli ([@CIT0055]) gave four doses, each of 200 μg, of inactivated IBV; 40% and 20% of 10 birds had developed protection (assessed by non-re-isolation of challenge virus) in the trachea and kidney, respectively, after three doses. These percentages did not increase after four doses. Song *et al.* ([@CIT0101]) immunized chickens up to three times with an inactivated nephropathogenic strain. Protection (assessed by non-re-isolation of challenge virus) of the kidney and trachea was 50% and 13%, respectively, of eight chickens, after two inoculations, rising to 88% and 50%, respectively, after three inoculations.

To see whether two doses of inactivated vaccine would be protective against loss of egg production, McDougall ([@CIT0075]) vaccinated birds at an interval of 8 weeks and challenged them 18 weeks later. Only a few of the vaccinated birds had respiratory signs and these lasted for less than 3 days, compared with 8 days for the unvaccinated controls. The birds that had received the inactivated vaccine were largely protected against a drop in egg production. Gough *et al.* ([@CIT0049]) demonstrated a poor serum antibody response to a single application of inactivated infectious bronchitis vaccine but titres increased markedly upon revaccination 10 weeks later.

The approach commonly used in the poultry industry today is to vaccinate young females two or more times with live vaccine, followed by one dose of inactivated vaccine as the birds come into lay. The live vaccines serve to give protection to the young bird and to prime the immune response to the later inactivated vaccine (Gough *et al.*, [@CIT0049]; Box *et al*., [@CIT0008]; Finney *et al.*, [@CIT0044]). Gough *et al.* ([@CIT0049]) demonstrated that the chickens that had received one dose of live vaccine followed by inactivated vaccine 10 weeks later, were protected against challenge 10 weeks later, as assessed by re-isolation of challenge virus from trachea, oviduct and kidney. Box & Ellis ([@CIT0009]) reported that the response to the inactivated vaccine was poor if given within 8 weeks of a live vaccination.

Passive immunization {#S0010}
====================

Macdonald *et al.* ([@CIT0071]) inoculated 12-week-old chickens with 2 ml convalescent IBV serum. Two days later they were challenged by intravenous application of the H52 vaccinal strain, a procedure known to result in nephritis. The birds were protected against kidney disease, as assessed by lack of watery droppings, macroscopic and microscopic pathology in the kidney, in contrast to control birds to which non-immune serum had been given. The passive application of immune serum did not protect against respiratory infection, although onset was delayed and of shorter duration.

Variation among genetic lines of chicken in their susceptibility to IBV {#S0011}
=======================================================================

Smith *et al.* ([@CIT0100]) and Cook *et al.* ([@CIT0032]) demonstrated varying mortality among different breeds of chicken, both when inoculated with a mixture of IBV isolates alone and when in conjunction with a pool of *Escherichia coli* strains. The IBV predisposed the birds to infection with the bacterium, resulting in increased mortality. Bumstead *et al.* ([@CIT0010]) continued with this IBV/*E. coli* infection, showing marked variation in mortality among several inbred lines of White Leghorn chickens. More detailed analysis of two of these lines, line 15I (highly susceptible) and line C (relatively resistant), showed that the rate of virus production and titres in the respiratory tract were similar during the first 4 days after infection (Otsuki *et al.*, [@CIT0084]). Thereafter, however, titres declined much more slowly in the susceptible line 15I, taking two-fold longer to decline to undetectable levels. In tracheal explants of the two lines there was no difference in the replication profile of the virus, showing that the difference in the birds themselves was not because of an intrinsic difference in the capacity of the trachea to support the replication of IBV. The underlying cause of the difference *in vivo* might be immunological.

The extent to which infection by a nephropathogenic strain caused mortality was also dependent on the type of chicken (Pensaert & Lambrechts, [@CIT0089]). Thus, 0% and 2% of a specified pathogen free flock died within the periods 5 to 7 days and 7 to 9 days, respectively, after tracheal inoculation of the B1648 strain. In contrast, 15% and 21% of commercial meat-type birds died in these periods.

Presence and duration of antibody in the serum, trachea and nasal secretions {#S0012}
============================================================================

The humoral immune response to IBV vaccination has mostly been investigated by measuring antibody levels in serum, using enzyme-linked immunosorbent assay (ELISA), VN or haemagglutination-inhibition (HAI) tests. (IBV haemagglutinates very poorly until treated with enzyme preparations containing neuraminidases; Alexander *et al.*, [@CIT0004]; Schultze *et al.*, [@CIT0096], and references therein.). However, there have also been a few studies of IBV antibodies in the nose and trachea. It should be stated at the outset that many studies have shown that the presence or absence or titre of serum antibody to IBV does not correlate with protection; that is, vaccinated chickens may be protected against respiratory disease IBV irrespective of the titre of serum antibody (for example, Raggi & Lee, [@CIT0092]; Ignjatovic & Galli, [@CIT0055]).

The profile of the serum antibody response depends on the method used to detect it. Following infection of chickens with a virulent strain of IBV, specific antibody was first detected by ELISA (plates coated with IBV), a majority of the birds having detectable antibody by 6 days after infection, with titres maximal within 21 days and tending to decline shortly afterwards (Mockett & Darbyshire, [@CIT0079]). VN antibody was delayed in comparison with ELISA-detected antibody, being first detected in the period 9 to 21 days after infection, peaking within 35 days and remaining level for the remainder of the sampling period (63 days after inoculation), although in 25% (2/8) of the birds the VN antibody was still increasing at 63 days, when sampling ended. The HAI antibodies were first detected at 9 days, peaking at 14 to 17 days and then declining, although in one bird the HAI titre did not peak until much later (as with the VN titre in the same bird).

Mockett ([@CIT0077]) also compared ELISAs using purified S and M proteins with the conventional virus-coated ELISA; the primary and secondary antibody response profiles were very similar, VN antibody again later than ELISA antibody.

Following infection with a live IBV vaccinal strain there was a good primary immunoglobulin (Ig)M response (Mockett & Cook, [@CIT0078]; Martins *et al.*, [@CIT0074]). As expected, the primary IgM response peaked, and declined, before that of the IgG response ([Figure 1](#F0001){ref-type="fig"}) (Martins *et al*., [@CIT0074]). The secondary IgM response (i.e. in response to a second (challenge) infection) peaked at the same time as that of IgG, but declined faster ([Figure 1](#F0001){ref-type="fig"}). Mockett & Cook ([@CIT0078]) suggested that measurement specifically of serum IgM would be useful in defining recent infection. In contrast to the response after IBV infection, vaccination with inactivated virus produced almost no IgM response, as well as a poor IgG response ([Figure 1](#F0001){ref-type="fig"}) (Martins *et al.*, [@CIT0074]). Figure 1.Antibody induction by inactivated and live IBV vaccination, from Martins et al. ([@CIT0074]). Profile of IBV-specific IgM and IgG responses of unprimed 14-week-old chickens to live attenuated vaccine (H120) given by eye-drop or intramuscularly (i.m.), and to inactivated vaccine (oil emulsion) given i.m. The IgM and IgG were measured using an ELISA. The ELISA results (as absorbance values) aere plotted graphically, and the areas corresponding to each immunoglobulin class were cut out and weighed. The chickens were challenged with virulent IBV 24 days after vaccination. IgG: live vaccine, eye-drop (▄); live vaccine, i.m. (▴); inactivated vaccine, i.m. (•). IgM: live vaccine, eye-drop (□); live vaccine, i.m. (△); inactivated vaccine, i.m. (○).

A single and double vaccination with inactivated IBV resulted in HAI titres of 1/28 and 1/219, respectively, 4 and 2 weeks after the respective vaccinations (Gough *et al.*, [@CIT0049]). A single inoculation of 3 μg purified IBV induced maximum titres of HAI and ELISA antibody of 6 log~2~ and 12 log~2~, respectively, by 3 to 4 weeks after vaccination (Cavanagh *et al.*, [@CIT0019]). VN antibodies peaked 1 week later, at 5 log~2~. Titres decreased eight-fold within 4 weeks of peaking.

Holmes ([@CIT0054]) measured VN antibody in nasal washings after challenge of chickens that had received either a single live virus infection or two intra-muscular inoculations (4 weeks apart) with inactivated IBV. Serum antibody levels rose rapidly in both groups. Nasal antibody rose more slowly in the group that had received inactivated virus than in the group that had received a primary inoculum of live virus.

Induction of protection by subviral and vectored vaccines {#S0013}
=========================================================

There is no doubt that the IBV S protein, when inoculated on its own, can induce protective immunity. The proportion of chickens being protected may be dependent on the manner by which the S protein is presented to the host. There is also evidence that the N protein can prime protective immune responses, and one report that the N protein on its own induced protective immunity.

Immunization with the S protein {#S0013-0001}
-------------------------------

Whereas a single inoculation of 10 μg IBV induced tracheal protection in 40% of 10 chickens, all birds were susceptible after immunization with IBV from which the S1 subunit had been removed by urea, indicating that the S1 subunit was required to induce protective immunity (Cavanagh *et al.*, [@CIT0019]). The S1 that had been released by treatment with urea was dialysed against decreasing concentrations of urea, and eventually in the absence of urea; this might have enabled some renaturation of the protein. Sedimentation analysis indicated, as expected, that the S1 that had been released by urea was in monomeric form; that is, it was no longer a multimeric (dimer or trimer) molecule with quaternary structure. Notwithstanding, 22% and 44% of 10 chickens that had been inoculated on four occasions with 3 μg S1 developed VN and HAI antibody, respectively. There were no positives following three inoculations. Protective immunity was not assessed in that experiment.

Ignjatovic & Galli ([@CIT0055]) dispersed the proteins of a nephropathogenic IBV using non-ionic detergent and purified S1, N and M by affinity chromatography using monoclonal antibodies. Chickens were inoculated on four occasions, 50 μg for each dose. Chickens that had been immunized with N or M proteins did not develop protective immunity (assessed by non-recovery of challenge virus) to either the trachea or kidney following challenge. However, 71% and 86% of 10 chickens inoculated with S1 developed tracheal and kidney immunity after four inoculations. The respective percentages were 70% and 10% after three inoculations.

The S1 protein has also been expressed in *Spodoptera frugiperda* cells from a recombinant *Autographa californica* baculovirus (Song *et al.*, [@CIT0101]). When chickens were inoculated with these cells containing expressed S1, 43% and 0% of seven birds were protected (assessed by non-re-isolation of challenge nephropathogenic virus) in the kidney and trachea, respectively. Protection rose to 50% and 25%, respectively, of eight chickens after three inoculations.

The S1 protein has also been expressed *in situ* from fowlpoxvirus and adenovirus vectors. Three inoculations, in the wing web, of a recombinant fowlpoxvirus expressing S1 induced IBV-specific antibodies (Wang *et al.*, [@CIT0106]). After challenge with IBV, there was somewhat less recovery of challenge virus and less tracheal damage than in controls, and only mild clinical signs. Greater protection was achieved following a *single* oral application of a fowl adenovirus expressing S1 (Johnson *et al.*, [@CIT0057]). Protection (assessed by non-re-isolation of challenge virus) was obtained in 90% and 100% of 10 to 13 chickens in two experiments.

Immunization with the N protein {#S0013-0002}
-------------------------------

The first study of the role of the IBV N protein in immunity was by Boots *et al.* ([@CIT0007]). The N protein was in the form of a bacterially expressed fusion protein with β-galactosidase. Initial experiments were with mice, inoculated in the footpad. A single inoculation resulted in popliteal lymph node cell proliferative responses to IBV. Delayed-type hypersensitivity responses were obtained when mice had been inoculated with: (a) inactivated IBV on two occasions; (b) inactivated IBV followed by N protein; and (c) N protein followed by inactivated IBV.

Experiments were subsequently undertaken with chickens. Following a single intramuscular inoculation of inactivated IBV, 1/8 birds were protected against respiratory challenge, as assessed by ciliary activity in the trachea, and none were protected in a group inoculated with N protein. Other chickens were inoculated with either inactivated virus or N protein, and then inoculated a second time, 6 weeks later, with inactivated IBV. After challenge, 8/8 and 8/10 chickens in the two groups, respectively, developed protective immunity ([Table 3](#T0003){ref-type="table"}). The extent of protection was assessed as being slightly less when immunofluorescence was used to detect challenge virus in tracheal cells ([Table 3](#T0003){ref-type="table"}). In a third group in which birds had been inoculated with β-galactosidase without any N protein, and then inoculated with inactivated IBV, some chickens had protective immunity, induced by the secondary inoculation with inactivated IBV ([Table 3](#T0003){ref-type="table"}). Linear regression analysis showed that this was statistically less than in the group that had been primed with the N protein. The authors concluded that immunization with the N protein had induced protective immunity by activation of cytotoxic or helper T-cell responses. Table 3.Priming of tracheal protection by primary immunization of chickens with IBV N protein (modified from Boots et al., [@CIT0007]) Number of protected chickens Ciliary activity assayImmunofluorescence assayPrimary immunizationChallenge after primary immunization[^a^](#T0003-FN0001){ref-type="fn"}Challenge after secondary immunization[^b^](#T0003-FN0002){ref-type="fn"}Challenge after primary immunization[^a^](#T0003-FN0001){ref-type="fn"}Challenge after secondary immunization[^b^](#T0003-FN0002){ref-type="fn"}Inactivated IBV1/88/8ND[^c^](#T0003-FN0003){ref-type="fn"}7/8β-galactosidase--IBV N protein0/88/10ND7/10fusion protein    β-galactosidase0/88/12ND4/12[^3][^4][^5]

Two intramuscular immunizations of chickens with a plasmid expressing the N protein, or a fragment of the N protein, induced immune responses that protected the birds from infection by IBV (applied by eye-drop and intranasally), as evidenced by mark reduction in replication of the challenge virus (Seo *et al.*, [@CIT0098]). A fragment of the N protein comprising the carboxyterminal 120 amino acid residues was sufficient to induce protection. Yu *et al.* ([@CIT0110]) expressed this fragment in chickens using a single inoculation of a fowlpoxvirus recombinant. Upon challenge with a homologous strain and one heterologous strain of IBV, the birds did not develop clinical signs, although some replication of challenge virus was detected by an ELISA. The birds were not protected against challenge with a different heterologous strain.

Nature of protective immune responses to IBV {#S0014}
============================================

Collisson and colleagues (Seo & Collisson, [@CIT0098]; Pei *et al.*, [@CIT0087]) have shown that cytotoxic T-cell responses in chickens to IBV infection correlated with initial decreases in infection and clinical signs. Cytotoxic T-cell activity was major histocompatibility complex restricted, and lysis was mediated by CD8^+^CD4^--^ cells. Adoptive transfer of IBV-infection-induced αβ T cells bearing CD8 antigen protected chicks from challenge infection (Seo *et al.*, [@CIT0099]; reviewed in Collisson *et al.*, [@CIT0029]). Earlier work has been reviewed by Dhinakar Raj & Jones ([@CIT0039]). Tissues from chickens infected with two field strains of IBV were assayed for interferon, which was readily detected in the trachea and lung but at only low levels in the plasma, kidney, liver and spleen (Otsuki *et al.*, [@CIT0083]).

Final comments {#S0015}
==============

If there were to be a resurgence of SARS in humans, one would anticipate that the authorities would rapidly put into operation the various surveillance and control measures that proved successful in early 2003. If vaccines had been developed, vaccination might be included, especially for health care workers and contacts in the wider community. Coronaviruses can establish persistent infections, in at least a proportion of their hosts, resulting in chronic asymptomatic shedders, with subsequent problems for containment of the disease. For this and other reasons, a decision to apply a SARS vaccine would not be taken lightly. Notwithstanding, what type of vaccine might be used?

The poultry industry prefers to use live vaccines rather than inactivated ones. The former are cheaper to make and buy, and easier/cheaper to apply. These financial considerations would presumably not be paramount in the case of a resurgence of SARS in humans. Efficacy would be an important criterion for use of a particular vaccine, although that also applies in the poultry industry, of course. Safety of a SARS vaccine might be deemed more important than efficacy, assuming that a vaccine had an acceptable, if not complete, efficacy. In general, inactivated vaccines are considered to be safer than live attenuated vaccines, although the safety of inactivated vaccines cannot be taken for granted.

Unless a future SARS outbreak were to get rapidly out of control, it would seem unlikely that a conventional live attenuated vaccine would be used; the potential risk of vaccine-related problems (reactions) might be deemed too high. Genetic manipulation, in addition to traditional approaches, will be used as a means of attenuating *SARS coronavirus* (Kuo *et al.*, [@CIT0063]; Thiel *et al.*, [@CIT0102]; de Haan *et al.*, [@CIT0037],[@CIT0038]; Casais *et al.*, [@CIT0012]; Ortego *et al.*, [@CIT0082]). However, a desirable outcome cannot be guaranteed and fears of vaccine-related problems will still be harboured. However, given the almost total susceptibility of the global human population, the lethal outcome of 10% of cases, and the huge strain put on the health care services, and economies, a killed vaccine, subunit vaccine or vectored vaccine might be used in the first instance, among selected groups of people.

The experience of single applications of inactivated IBV is not greatly promising in the context of SARS; a single application of inactivated IBV protected \<50% of chickens, sometimes much less than 50%. However, even a poorly efficacious single application of an inactivated SARS vaccine might help to reduce the spread of the virus, by reducing the number of susceptible people. At the first sign of a resurgence of SARS, the authorities might decide to vaccinate key personnel, with a view to revaccinating them. The outcome of some experiments with IBV in this regard is promising. In a number of studies, two vaccinations with inactivated IBV produced protective immunity in \>85% of chickens. That said, in some studies even \>2 inoculations of high doses of inactivated IBV gave protection in only 50% or so of chickens. It might be that the criterion of protection used in these studies---non-re-isolation of challenge virus---might be too stringent. That is, some amelioration of the clinical effects of infection might be obtained even if there is some detectable replication of the challenge virus. In the case of infection by *SARS coronavirus*, if a vaccine only protected against the worst outcomes---pneumonia, death---then it might be deemed to have been successful.

Experimental IBV subunit vaccines, in the form of the S1 protein, were efficacious, but, as expected, not more so than inactivated virus. In two studies, protection of the trachea was achieved after three vaccinations in 70% and 59% of chickens, respectively. Protection of the kidney was less efficient (10% and 25%, respectively).

Vectored SARS vaccines might be considered likely to be less potentially problematic, with regard to safety, than attenuated *SARS coronavirus*. Perhaps such a vaccine might be used if an outbreak developed into an epidemic or pandemic. In this regard the results of the investigation by Johnson *et al.* ([@CIT0057]) are very promising; a single oral application of a non-pathogenic fowl adenovirus expressing the IBV S1 protein gave 90+% protection, as good as is obtained by conventional attenuated IBV.

In the event that any type of live vaccine was used against SARS, an inactivated SARS vaccine might subsequently be applied, to build upon the initial vaccination and perhaps provide at least medium-term protection. The experience with IBV is very good in this regard.

If *SARS coronavirus* were to re-emerge in humans, its S1 protein might not be the same as that of the 2002/2003 outbreak. Research with IBV has indicated that differences of only 5% of S1 protein amino acid can reduce cross-protection. Consequently, S1 differences among *SARS coronavirus* isolates must not be viewed complacently. The finding that the IBV N protein plays a beneficial role in immunity suggests that the SARS virus N protein should not be overlooked in a SARS vaccine development programme.

[^1]: *SARS coronavirus* has provisionally been placed in group 4, based on the criteria previously used to place the other coronaviruses into groups (i.e. extremely low amino acid identity between its proteins and those of the other three groups, and nature and organization of its non-structural protein genes).

[^2]: CD, ciliostatic dose; the virus was titrated in tracheal organ cultures, the presence of virus being indicated by cessation of ciliary activity. For simplicity, titres have been rounded to the nearest log value.

[^3]: Chickens were challenged by eye-drop 4 weeks after primary immunization.

[^4]: The secondary immunization was inactivated IBV. Chickens were challenged by eye-drop 4 weeks after secondary immunization.

[^5]: ND, not done.
